INTRODUCTION
[Ca>]i oscillations have been described in a variety of cells (for reviews, see Tsien and Tsien, 1990; Jacob, 1990a; Tepikin and Petersen, 1992; Fewtrell, 1993;  Berridge, 1993; Hille et al., 1994) . There appear to be multiple mechanisms. In some cells, oscillations reflect periodic depolarization and increased Ca>2 entry across the plasma membrane. In others, oscillations are dominated by uptake and release by internal stores. This study focuses on caffeine-induced [Ca21]i oscillations in bullfrog sympathetic neurons, an example where oscillations reflect both Ca>2 transport across the plasma membrane and uptake and release by internal stores (Friel and Tsien, 1992b (Hernandez-Cruz et al., 1990; Hua et al., 1993) . The oscillations were first described by Kuba and Nishi (1976) (CICR) and the subsequent activation of a Ca2"-sensitive K+ conductance. Lipscombe et al. (1988) showed that under certain conditions, caffeine does indeed elicit [Ca]2+ oscillations.
Several general observations provide insight into caffeineinduced [Ca21]i oscillations (Friel and Tsien, 1992b) . 1) They are not induced by depolarization alone and are seen in only a small fraction of intact cells (-5%) after exposure to caffeine alone, but are almost invariably observed when caffeine exposure and depolarization are combined. This suggests that a caffeine-sensitive mechanism is critical for the oscillations, and that membrane depolarization increases the reliability with which they occur. 2) Oscillations occur at a steady membrane potential, indicating that they do not reflect voltage-dependent changes in ion channel activity within the plasma membrane.
3) The oscillations are blocked by ryanodine (1 ,tM), suggesting that they require CICR via ryanodine-sensitive Ca>2 release channels. 4) Ca>2 entry from the extracellular medium influences all phases of the oscillatory cycle, but the rapid upstroke is dominated by Ca2+
release from an internal store. Based on these observations, a model has been proposed that describes how the net fluxes of Ca2+ across the plasma membrane (Jio) and between the cytosol and store (Ji) change with time during the oscillatory cycle (Friel and Tsien, 1992b 
METHODS
All the experimental procedures used in this study have been described previously (Friel and Tsien, 1992b) . For fitting the model to the data, the differential equations that describe the extended compartmental model were integrated numerically using the fourth-order Runge-Kutta method (Boyce and DiPrima, 1969) on a PDP 11/23 computer. Parameter optimization was carried out using the simplex algorithm (Kowalik and Osbom, 1968) . Data analysis was carried out using programs written by the author in Basic-23 (Indee Systems, Sunnyvale, CA). (Friel and Tsien, 1992a 
1990
; Hua et al. 1993) , which is fast compared with the changes in [Ca2+] j that occur during the "off' relaxations ( Fig. 1) . Thus, during the post-stimulus relaxations, the cytosolic compartment can be regarded as "well-mixed"; it will be assumed that Ca>2 is distributed uniformly within the internal store as well, but this has not been tested. Second, the external medium is assumed to be large enough so that Ca" exchange between compartments i and o does not significantly influence co. Under these conditions, co can be treated as a constant; in practice, co is maintained by continuous superfusion (see Friel and Tsien, 1992b (Friel and Tsien, 1992a) and Ca21 channels close rapidly with repolarization (Jones and Marks, 1989 (Friel and Tsien, 1992a) . 1) Recovery from the undershoot after caffeine removal parallels replenishment of the store as as- sayed by responsiveness to caffeine. 2) Both the recovery from the undershoot and replenishment of the store are prevented by removing external Ca2+. 3) After treatment with ryanodine, caffeine application fails to elevate [Ca2+], and caffeine removal fails to elicit an undershoot.
If the post-caffeine undershoot reflects Ca 2 uptake by the caffeine-sensitive store, then it should be eliminated by inhibiting Ca 2 uptake. To test this, thapsigargin (TG) was used. TG is an irreversible (or slowly reversible) inhibitor of intracellular Ca2+-ATPases that accumulate Ca2+ into the endoplasmic reticulum (Thastrup et al., 1990) . Fig. 3 Putney, 1990; Hoth and Penner, 1992; Zweifach and Lewis, 1993 inhibited. Note that the effects of TG on caffeine responsiveness resemble those of ryanodine (not shown). One interpretation is that both agents act by depleting the caffeinesensitive store: TG, by inhibiting Ca2+ uptake (Lytton et al., 1991) , ryanodine by rendering the store leaky to Ca>2 (Rousseau et al., 1987 (Lytton et al., 1991 oscillations that are initiated when mildly depolarized cells are exposed to caffeine (Fig. 4 a) . Previous work has shown that [Ca2+]i oscillations in sympathetic neurons require Ca2+_ induced Ca2+ release (Kuba and Nishi, 1976; Friel and Tsien, 1992b (Bezprozvany et al., 1991) . With this definition, the system of equations describing c; and cS becomes nonlinear. Note that the precise definition of KL2 is not important for the conclusions that follow, only that it increases sufficiently rapidly with c;. Note also that KL2 adjusts instantaneously to changes in c; and does not inactivate (cf. Gyorke and Fill, 1993) .
With this extension, the scheme can account for many of the properties of [Ca2+]i oscillations that are observed when cells are exposed to caffeine under depolarizing conditions (Fig. 4 a) . As before, exposure to high K+ is modeled by a step increase in KL1, but treatment with caffeine is modeled by a drop in Kdc.a (Fig. 4 b Tsienu, 1992b4,nd=tha Ca"~content of the caffeine-sensitive store during the oscillatory cycle (Friel and Tsien, 1992b Fig. 4 . To express 3total so that it can be compared with measured quantities, it is useful to rewrite dc-Idt as follows (see Fig. 7 
Measurement of the fluxes
To determine whether the simulated time courses of Z3L1 SL2, and (Sp, + Sp) resemble the actual net fluxes, it was necessary to measure them. The following method was employed (Friel and Tsien, 1992b (Fig. 8 b) Step size for the numerical integration was 150 ins. [Ca2+]i Oscillations in Sympathetic Neurons Tsien, 1994 oscillations. Although measurements were not presented for each of the four net fluxes postulated to underlie changes in [Ca>] i during the oscillatory cycle, three independent combinations of these fluxes were measured and found to agree with predictions based on the model.
Overview of the proposed mechanism of
[Ca2+]J oscillations Based on arguments presented in Friel and Tsien (1992b) , there are six critical points during the oscillatory cycle (Fig.  12, arrows) . These points partition the cycle into intervals where 1io, .3i, and St.,a have distinct relationships. Results of the present study show how passage from one point to the next can be understood in terms of the underlying net fluxes.
Z3i, is the sum of the inward flux SLl and the outward flux Zp,, and is proportional to (ci -ci,). .3i, is the sum of the inward flux 3L2 and the outward flux Zp2. 3P2 is proportional to ci, while SL2 is proportional to both the driving force for net Ca> release (c1 -c,) and the Ca> permeability of the store KL2, which rises sigmoidally with ci. and ci falls at a rate determined by the outward flux 53is
(point 3).
ci falls below ci,ss because the outward flux 1is continues to exceed the inward flux M1o, i.e., Ca2+ is taken up by the store more rapidly than it can leak inward across the plasma membrane. As the store refills, SL2 rises, causing .3is to decline in magnitude. When the declining outward flux 3i, is just balanced by the rising inward flux Sio Stota = 0 and c1 reaches a minimum (point 4). It is the increased driving force for passive Ca> release as the store refills that causes the outward flux Si. to decline. This, along with the parallel rise in the inward flux Sio, terminates the c; undershoot. The continued decline in Z3i, shifts the balance between S0o and Sis so that 5total becomes an inward net flux and c; starts to rise. As ci rises, both 3L2 and Z3p2 rise in magnitude, but SL2 rises more rapidly than Sp owing to its sigmoidal dependence on ci. As a result, the outward flux -is declines. When 3L2 and 3p2 are in balance, 3is = 0 and ci rises at a rate determined exclusively by Sio (point 5) . The (Tepikin et al., 1991) nM/s when [Ca2+] i is steady at -100 nM (Friel and Tsien, 1992b (Friel and Tsien, 1992b) (Gurney et al., 1989; McCarron et al., 1992) . (Friel and Tsien, 1992a) . One interpretation is that CICR normally speeds responses to depolarization (Llano et al., 1994) and that modulation of Ca2' release channel gating could tune the kinetics of responses to physiological stimuli. In this regard, it is interesting that cyclic ADP ribose has been found in a wide variety of cells (Galione, 1993) and modulates one form of the Ca>2 release channel (Meszaros et al., 1993 ) much as caffeine does (Rousseau and Meissner, 1989 (Tsien and Tsien, 1990; Berridge, 1993) . In many respects, these oscillations resemble caffeine-induced oscillations in sympathetic neurons: 1) maintained oscillations require external Ca2, and elevations in [Ca21I0 raise oscillation frequency (Rooney et al., 1989);  2) oscillations are observed only at intermediate levels of stimulation, and, within the range where oscillations occur, stronger stimuli elicit higher frequency oscillations (Woods et al., 1986; Jacob et al., 1988; Rooney et al., 1989) ; and 3) oscillations depend on Ca" release channels whose open probability depends on [Ca2+]i in a bell-shaped manner.
A number of models have been proposed to account for IP3-induced [Ca2+]i oscillations (Meyer and Stryer, 1988; Goldbeter et al., 1990; Cuthbertson and Chay, 1991; Somogyi and Stucki, 1991; DeYoung and Keizer, 1992; Dupont and Goldbeter, 1993; Atri et al., 1993; Li et al., 1994 (Putney, 1990; Jacob, 1990b; Hoth and Penner, 1992; Zweifach and Lewis, 1993; Luckhoff and Clapham, 1992 
